Central Washington University

ScholarWorks@CWU
All Master's Theses

Master's Theses

Summer 1971

Synthesis and Characterization of Some Dioxane Complexes
James Donald Satterlee
Central Washington University

Follow this and additional works at: https://digitalcommons.cwu.edu/etd
Part of the Organic Chemistry Commons

Recommended Citation
Satterlee, James Donald, "Synthesis and Characterization of Some Dioxane Complexes" (1971). All
Master's Theses. 1686.
https://digitalcommons.cwu.edu/etd/1686

This Thesis is brought to you for free and open access by the Master's Theses at ScholarWorks@CWU. It has been
accepted for inclusion in All Master's Theses by an authorized administrator of ScholarWorks@CWU. For more
information, please contact scholarworks@cwu.edu.

SYNTHESIS AND CHARACTERIZATION OF SOME
DIOXANE COMPLEXES

A Thesis
Presented to
the Graduate Faculty
Central Washington State College

In Partial Fulfillment
of the Requirements for the Degree
Master of Science

by
James Donald Satterlee
August, 1971

APPROVED FOR THE GRADUATE FACULTY
_________________________________
Richard W. Hasbrouck, COMMITTEE CHAIRMAN
_________________________________
Helmi S. Habib
_________________________________
L. C. Duncan

SYNTHESIS AND CHARACTERIZATION OF SOME
DIOXANE COMPLEXES
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James D. Satterlee
August, 1971
The boron trifluoride, tin (IV) fluoride and titanium (IV)
fluoride complexes with 1,4-dioxane have been prepared and studied
using infrared techniques.

The compositions of the complexes have been

determined and correspond to the 1:1 adducts in the case of the tin and
titanium compounds.
adduct.

The boron trifluoride adduct is a 2:1 (acid:base)

Infrared spectra in the region 1300 cm.

-1

to 550 cm.

-1

are

given and the effects of coordination upon the ligand vibrations are
described.
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INTRODUCTION
Organometallic compounds have been known at least since 1875
when Demarcay

10

prepared the ethyl ester of titanium tetrachloride.

More recently Lewis acid-base complexes, commonly called adducts, of
many metal fluorides and chlorides have come under careful
.
1-8 16-29 43-45
scrutiny.
'
'

Of particular interest are the adducts which

are potential catalysts for organic reactions.

Included in this class

of adducts are various metal fluorides complexed with organic Lewis
bases.
The impetus for the study of the TiF , SnF , AlF and BF
4
4
3
3
complexes with p-dioxane presented here stems from the ability of the
.
53 54
boron trifluoride-p-dioxane adduct to catalyze the Rupe reaction. '
The Rupe reaction, also being studied in this laboratory, is the
rearrangement of alkyl- and cycloalkyl-1-ethynyl-1-carbinols to the
corresponding a, S unsaturated aldehydes and ketones.

The rearrangements

are acid catalyzed and follow the general sequence

RI

R-¢-c:CH
OH

H+

"If'

Pi

1}' R

~ R-C=C-CH + R-C=C-C-CH 3

(1)

Rupe's original experiments were carried out using formic acid as the
catalyst.

With the demonstrated ability of the dioxane-boron trifluoride

adduct to function as a catalyst for this reaction,
1

31

it seemed quite

2
natural that other Lewis acid-base complexes might also function as
suitable catalysts.

Therefore, the previously mentioned complexes were

prepared and studied.
In general a Lewis acid is characterized by its ability to
accept an electron pair into an empty orbital of suitable energy.

The

electron pair is donated by a Lewis base which most commonly is a
molecule possessing unshared pairs of electrons.

Oxygen, nitrogen, and

sulfur atoms may function as electron pair donors and are the most
regularly encountered.

Organic compounds containing these heteroatoms

are typical Lewis bases.

A generalized Lewis acid-base reaction is

typified by the equation
(2)

Thus, Rutenburg and Palko

56

and Lewis et a1

41

have studied

complexes in which the base was either an aliphatic, or mixed aliphaticaromatic ether.

Muetterties,

46

in a very extensive paper, has studied

a variety of metal fluoride complexes.

In that single work he demon-

strated complex formation with twenty different Lewis bases and
investigated and assigned the stereochemistry of the complexes which
were formed.

Le Calve and Lascombe

4O

have observed the vibrational

spectra of several complexes and have studied the effect of coordination
on the vibrations of the donor-acceptor bond.

For the boron trifluoride

adducts of dimethyl sulfide and dimethyl selenide they found that
coordination resulted in a shift to higher wavenumbers for some C-H
stretching modes of the ligand, but little perturbation of the C-Se
and C-S vibrations occured.

3

Gates and Mooney

23

1 4 5 9 11
.
among others ' ' ' '
have studied the

effects of complexation on vibrational frequencies of both acids and
bases.

In their infrared study of ketone-boron trifluoride complexes

Gates and Mooney

23

assigned a complex band in the 1200-1100 cm.

region to coupling of B-F and B-0 stretching modes.

-1

Furthermore, they

attempted to correlate donor strengths for various bases from the
position of the observed band.
It is not surprising that such an amount of work is being
directed specifically toward donor-acceptor complexes of metal halides
and to Lewis acid-base chemistry in general.

As Drago and Matwiyoff

14

have suggested, the Lewis model provides a generalization from which
descriptive information can be correlated and predictions made.
Boron trifluoride, aluminum trifluoride, titanium tetrafluoride
and tin tetrafluoride complexes have been found to be of interest to
industry as well as to the pure experimentalist.

Some of the

applications and experimental studies involving adducts of these four
fluorides are discussed in the following sections.
Boron Trifluoride Adducts
As early as 1921 Krause

37

recognized that boron trifluoride

could be used as a catalyst in the preparation of organic boron
compounds.

In 1951 Korsha1

38

described the properties of boron

trifluoride as a polymerization catalyst.

The next year Croston

boron trifluoride to polymerize fatty acids and esters.

Nozu

8

used

48

described the function of boron trifluoride and acetic anhydride as a
catalyst for acylating cellulose; he, however, omitted any mention of a
complex being formed between the Lewis acid and the anhydride.

4

Since then the literature has contained many references to the
catalytic properties of boron trifluoride and its many complexes.

More

recently, industrial firms have found application of boron trifluorideether complexes in the catalytic formation of epoxy resin foams and the
crosslinking of chloropolyethylene polymers.

27

The p-dioxane-boron trifluoride adduct was first reported by
·
Greenwoo d an d Mart1n,

29

h" compound
wh"l
1 e t h e mono an d d"1 h y d rates o f tis

were prepared by Meerwein and Pannewitz.

43

Schmeisier and Jenkner

59

studied the reaction of boron trifluoride with tetrahydrofuran, but
could not isolate any 1:1 product (c H 0BF ).
4 8
3

They reported that even

at low temperatures white crystals with a composition corresponding to
p-dioxane-bis(boron trifluoride) were obtained and concluded that the
boron trifluoride had catalyzed the formation of p-dioxane from
tetrahydrofuran.

Grimley and Halliday

28

reported formation of both the

1:1 and 2:1 (acid:base) adducts of p-dioxane-boron trifluoride.

They

found that the bis(boron trifluoride)-p-dioxane adduct was formed when
the 1:1 adduct was heated in an open system and concluded that the
bis(boron trifluoride)-p-dioxane adduct was the more stable complex.

In

solution with p-dioxane as the solvent they found abnormally high
molecular weights for the 1:1 and 2:1 (acid:base) adducts.

In view of

the expected monomeric nature of the adducts, formation of aggregates
of the type (p-dioxane)n-boron trifluoride were postulated.
Okada, Suyama, and Yamashita

49

have described the equilibrium

constants for boron trifluoride exchange between ethyl ether and certain
cyclic ethers.

In the reaction

5

K was measured as 1.5.
eq

In contrast, exchange between the ethyl ether

adduct and tetrahydrofuran yielded K equal to 32.
eq

These results seem

to imply that tetrahydrofuran is a stronger base than p-dioxane.
Aluminum Trifluoride Adducts
At least as early as 1950 aluminum trifluoride was recognized
for potential use in the petroleum industry.
Goldby

62

At that time Veltman and

examined the system Al o -AlF as a catalyst in hydrocarbon
2 3
3

cracking for gasoline production.

The apparent industrial importance

of aluminum trifluoride was emphasized in a review article by Kertsen
published in 1951~

6

Two years later the catalytic properties of

aluminum trifluoride were evidenced when Miller
in the preparation of difluoromethane.

43

used it as a catalyst

Since then aluminum trifluoride

has found increased usage as a catalyst and as a corrosion retardant
additive in solid rocket propellents.

In 1967 Goodyear patented a

process for the manufacture of isoprene from the aluminum trifluoride

30
catalyzed polymerization of ethylene and I-butene.

Kaushel

32

reported

one of the few complexes of aluminum trifluoride (with nitromethane) in
1965, however, very little has been done to study aluminum trifluoride
complexes.
Tin Tetrafluoride Adducts
Woolf~

6

in 1956, pointed out that stannic fluorides were

Friedel-Crafts catalysts and reported ten adducts which he categorized
according to stoichiometry.

In some cases the 2:1 (base:acid) complexes

were formed, however several bases, most notably dioxane, tetrahydrofuran
and trimethyl amine, formed only the l:l adducts.
I

Eight different tin

tetrafluoride complexes were prepared by Muetterties

46

and all were

6

identified as the 2:1 (base:acid) complexes.

Moreover, Muetterties 46

suggested on the basis of N.M.R. evidence that the hexacoordinate,
octahedral species were formed in solution.
The infrared spectra of cis and trans SnL c1 type compounds
2 4
1
have been examined by Beattie and Rule (L=acetone, trimethyl amine, etc.)
who found that the cis complex existed when the ligands (L) were acetone,
but when the ligands became bulkier, such as when trimethyl amine was
introduced as a ligand, the trans adduct was formed.

Their conclusions

regarding the stereochemistry of their adducts were based on an
examination of the infrared spectra of the complexes in the cesium
bromide region.

They approximated the force constants of an

octahedrally coordinated cis adduct by using force constant data for
the model compound Sncl

2then calculated various metal-chlorine
6

stretching frequencies for compounds of the type cis- and transSnC14L2.

Four absorptions were predicted for a cis adduct, while only

one was hypothesized for the trans adduct.

By comparison of the

theoretical and experimental spectra they were able to report the
stereochemical assignments for eighteen complexes.
Wilkens and Haendler

63

have reported complexes of the type

SnF L were formed when tin tetrafluoride was allowed to react with
4 2
bases which could function only as unidentate ligands,

When bidentate

ligands, such as NNN'N' tetramethylethylenediamine were used in the
formation of tin tetrafluoride adducts Wilkens and Haendler
that equimolar adducts were formed.

In 1968 Rupp

55

63

found

reported that tin

tetrafluoride forms 1:1, 2:1 and 3:1 (base:acid) complexes with ligands
such as dicyano-bis-1,10-phenanthroline iron (II).
the 1:1 compounds were cyclic dimers.

He concluded that

7
Titanium Tetrafluoride Adducts
In 1957 Schneider

60

described the catalytic properties of

titanium tetrafluoride in the synthesis of polyoxymethylene from
trioxane.

Muetterties

46

has described the formation of twenty titanium

tetrafluoride complexes and has found that several complexes, most
notably those of amines, were 1:1 (base:acid) adducts.

He also found

that the titanium tetrafluoride-p-dioxane adduct showed a molecular
weight in tetrahydrofuran which corresponded to the monomer.
recently Dyer

15

More

examined the diadducts formed between titanium

tetrafluoride and several organic bases.

All of the organic bases in

his study were oxygen containing, implying that coordination had taken
place through oxygen.

His subsequent investigation of the fluorine-19

N.M.R. spectra of the various complexes revealed that cis coordination
of the ligands was present in complexes of the type TiF L and TiF LL'.
4 2
4
46
This observation is in agreement with Muetterties
who has postulated
that the cis orientation of coordinated ligands in octahedral complexes
of the type MX L may be the most thermodynamically stable.
4 2

METHODS, RESULTS AND DISCUSSION
Synthesis of Bis(boron trifluoride)-p-dioxane
Dry p-dioxane was vacuum transferred to a tared reactor and
the amount of p-dioxane in the reactor determined by weighing.

A

measured amount of boron trifluoride was then vacuum transferred
to the reactor containing the p-dioxane while the reactor was held at
-196° C.

The boron trifluoride transfers were carried out in fractions

with fifteen millimeters of pressure being the typical amount added per
fraction.

After each addition of the gas the reactor was allowed to

warm up to -110° C. and was kept at that temperature for fifteen
minutes before the next fraction was added.

The amount of boron

trifluoride added was always monitored by determining the number of
moles of the gas added to the reactor from the pressure decrease in the
vacuum system.

This procedure was followed in order to keep the

p-dioxane in at least two-fold excess.
Following this, the excess p-dioxane and any unreacted boron
trifluoride were removed from the reactor by vacuum transfer.

The

transfer was carried out while the reactor was allowed to warm up to
0° C. and the evacuation continued for as long as 1100 minutes with
the reactor maintained at 0° C.
Graphs of reactor weights plotted against time yield curves
that can be used to determine the composition of the white product
8

9

which was formed.

Some of these curves are shown in figure 1.

From

these evacuation profiles one can see that the rate of loss of solvent
p-dioxane is at first quite fast, but at a certain point the loss rate
decreases abruptly.

The resulting curves show sharp breaks which imply

that a substance has been encountered which is stable enough to resist
further weight loss even at high vacuum.

Least squares treatments of

the lower parts of these curves (horizontal segments) yield y-intercepts,
which correspond to reactor weights, that show formation of the 2:1
(acid:base) adduct.

Data for these curves based upon the least squares

treatment is summarized in table 1.
Analysis for Boron
The white solid remaining in the reactor at the end of the

39
transfer period was analyzed for boron by the following method.
A solution containing 125-250 mg. of the compound containing
boron trifluoride was dissolved in distilled water.

A slight excess

of sodium fluoride was added to promote formation of the fluoroborate
anion and the solution finally diluted to 60 ml.

15% Nitron,

c 20H16N4

Then fifteen ml. of

(J.T. Baker) solution in 5% acetic acid was added.

Next 1.0-1.3 g. of 48% hydrofluoric acid was added and the solution
swirled, then allowed to stand at room temperature for ten to twenty
hours.

Following an additional two hours in an ice bath, the

Nitron-BF~ precipitate was filtered using sintered glass crucibles,
washed five times with a saturated solution of Nitron tetrafluoroborate
and dr1.ed two hours at 105°-110° C.

Aft er d rying,
·
th e N·t
t
1 ran t era-

fluoroborate precipitate weight was determined and the boron content
determined.

The boron content calculated experimentally was 9.31% and
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Figure 1. Plots of Reactor Weight Decrease Against Time for Transfers in the Synthesis of
(BF 3 ) :p-dioxane. The Left Ordinate Shows Reactor Weight Decrease as a Function of Time. The
2
Rigfit Ordinate Shows the Mole Ratios of Base to Acid as a Function of Time.

.....
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Table 1
Data from Least Squares Approximation of Lower Lines in Plots of
Reactor Weight Against Time for the Di-adduct (BF ) c H o
3 2 4 8 2

Graph

BF

Press. of
(inm. Hg.)
3

Wt. Product
(BF3)2C4H802 (g.)

Moles
BF
3
-3

B2

218

8.04

X

10

Bl

243

9.68

X

10

B3

185

7.39

X

-3
10

-3

Moles of
p-dioxane
-3

0.6825

3.74

X

10

1.1990

5.33

X

10

0.9049

3.99

X

-3
10

-3

Analysis (%B)
Theoretical
Experimental
9.65

9.31

9.65
9.65

9.03

f--'
f--'

12
9.03% while (BF ) c H o should contain 9.65% boron.
3 2 4 8 2

The white adduct

was appreciably soluble in p-dioxane, but appeared to be insoluble in
tetrahydrofuran, nitrobenzene, methylene chloride and chloroform.

No

melting point could be observed and decomposition occured above 132

0

as previously reported.

C.

28

Spectra and Discussion
Figure 2 shows an infrared spectrum of the white solid obtained
in the preparation of the boron trifluoride-dioxane adduct, and
figure 3 shows a tracing of the infrared spectrum of p-dioxane.
the region from 1300 to 550 cm.

-1

Only

has been treated since no peaks

derived from the ligand appeared outside this segment of the KBr region
1
(4000-450 cm.- ).
The free ligand displays two prominent absorptions, a singlet
at 1121 cm.

-1

and a doublet at 874-883 cm.

-1

These bands are due to the

.
52 34
asymmetric and symmetric C-0 stretching modes respectively. '

Upon

reaction the infrared spectrum is greatly complicated.
For the boron trifluoride adduct a strong, broad absorption
occurs starting at 1300 cm.

-1

and extending to 1125 cm.

-1

Within this

broad absorption there appear to be four poorly resolved major peaks.
This type of absorption has been found for other boron trifluoride
complexes.

Susz and Chalandon

to the presence of the O-BF

55

have attributed this broad absorption

group.

3

Gates and Mooney

23

cited the

presence of a large, complex band structure in the 1200-1100 cm.-l
region of the spectrum in complexes of boron trifluoride with various
ketones.

Brown and Bladon

4

bands in the 1200-10000 cm.

found a poorly resolved group of strong
-1

region in the spectra of (1,3 diketonato)

boron difluoride complexes and attributed these bands to deformations

I
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\
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Fi gu re 2.
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Fig ure 3.
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I
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I--'

.p.

15
and coupling of various boron-fluorine and boron-oxygen vibrations.

5 6
Further, Clark et al ' attributed the complex splitting of the
1120 cm.

-1

band (present in uncomplexed p-dioxane) to bonding through

the oxygen of the ligand.

In studies of the trichlorobisdioxanetitanium

(III) adduct, they found complicated splitting of the bands which occur
at 1120 and 880 cm.

-1

in the uncomplexed ligand.

They reported that

such a spectrum was indicative of complex formation with the bonding
taking place by coordination through the oxygens of the p-dioxane.
The C-0 asymmetrical stretching mode in the complex appears at
1053 cm.

-1

and is characterized by the two accompanying side bands of

lower energy.

The apparent shift of the C-0 vibration is 68 cm.

-1

and

is consistant with the formation of an adduct bonded through oxygen
since coordination through oxygen would result in a decrease in the
strength of the C-0 bond and its vibrational mode would subsequently be
shifted to lower wavenumbers.
characterized.

Fowles et a1

This shift has also been well

19 2
' 0 found a shift to lower wavenumbers

for the asymmetrical c-0 stretching mode of p-dioxane upon complexation
with titanium trichloride and reported it to be 85 cm.
Bladen

4

-1

Brown and

noted a lower energy shift of the C-0 stretching mode in

diketonato-boron trifluoride complexes, while peaks associated with the
asymmetric C-0 stretching vibration of coordinated tetrahydrofuran have
been reported to have been shifted by thirty wavenumbers by Crouch
et al

9

who have taken this shift to be characteristic of coordinated

ether groups.
In the region from 900 to 600 cm.
spectrum of the uncomplexed ligand.

-1

only one band appears in the

Complex formation results in the

appearance of five strong absorptions in this region.

Susz and

16
and Chalandon

58

have reported the presence of five strong bands in the

same area in the spectrum of boron trifluoride-acetophenone complexes.
They have assigned a broad band at 825-850 cm.
stretching modes, while Wirth and Slick

64

-1

as a composite of B-0

assigned a similar band in the

tetrahydrofuran-boron trifluoride adduct to B-F stretching coupled with
B-0 stretching.

By analogy, therefore, the broad band at 780-800 cm.

-1

in the bis(boron trifluoride)-p-dioxane complex can be assigned as the
coupling of various B-0 and B-F stretching vibrations.
Two other broadened bands appear at 690 and 625 cm.

-1

and were

tentatively assigned as B-0 stretching frequencies in view of findings
by Gates and Mooney
710-620 cm.

-1

23

who reported B-0 stretching bands in the range

This latter assignment was supported by Begun et al

assigned B-0 stretching frequencies of 664 and 626 cm.

-1

2

who

in boron

trifluoride complexes with dimethyl ether and tetrahydrofuran,
respectively.

These assignments are further supported by Nakamoto.

47

The remaining two peaks in this region of the spectrum occur at
858 and 901 cm.

-1

One of them is probably a B-0 or B-F stretching

frequency such as that assigned by Susz and Chalandon

58

whereas the

other is most likely the symmetric C-0 stretching band which appears at
883 and 874 cm.-l in the uncomplexed ligand.

Several authors have

reported shifts to lower wavenumbers for the symmetric C-0 stretching
.

mode upon comp 1 ex f ormation
assign the band at 858 cm.

9, 20

-1

and in this light it is tempting to

to the symmetric C-0 stretch.

However,

comparison of the complex spectrum with the spectrum of uncomplexed
p-dioxane reveals what may be a more favorable assignment.

The

symmetrical C-0 stretching mode is a doublet in the spectrum of the
uncomplexed ligand and has an intensity comparable to that of the

17
asymmetrical mode.
cm.

-1

It is possible, then, that both the 858 and 901

bands in the adduct spectrum correspond to the 874 and 883 cm.

-1

peaks of the doublet symmetrical C-0 stretching mode of the uncomplexed
ligand, respectively.

Most likely the lower energy band appears to be

much more broadened than the asymmetrical C-0 stretching mode due to
coupling with, or masking by a B-0 or B-F stretching mode.

These

assignments should be taken cautiously since they have not been
previously reported in the literature and therefore cannot be
unambiguous.
Finally, a medium strength doublet appears at 496 and 520 cm.

-1

By analogy with assignments of similar bands by Le Calve and Lascombe 40
these absorptions may be due to deformations of the B-F bending
vibration.
Synthesis of Titanium Tetrafluoride-p-dioxane
Titanium tetrafluoride-p-dioxane was prepared by direct
combination of reagents.

Titanium tetrafluoride, a white solid,

obtained from Alpha Inorganics, was used directly from the stock
containers and transferred to a tared glass container in the controlled
atmosphere glove box.

The container was then closed, taken to the

vacuum system and evacuated.

The evacuated reactor containing the

titanium tetrafluoride was weighed to determine the amount of solid
fluoride present, replaced on the vacuum line and a three fold excess
of p-dioxane then transferred to the reactor which was held at -196° C.
The amount of p-dioxane added to the reactor was determined from the
weight decrease of the vessel containing the p-dioxane during the
transfer.
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Following the transfer of p-dioxane into the reactor containing
the titanium tetrafluoride, the reactor was allowed to warm up to room
temperature and was placed in a water bath held at 85° C. for fifteen
minutes.

The warming was carried out because earlier experiments had

shown that the reaction which leads to complex formation was endothermic.
Evidence of reaction was a visible bubbling of the milky contents of
the reactor.
After the reaction was complete the reactor was replaced on the
vacuum line and the excess solvent removed to a cold trap held at
-196° C.

The period of transfer varied from a time just when no liquid

was evident in the reactor to longer than 800 minutes.

During these

transfers the reactor was held either at room temperature, or at

o°

C.

Plots of reactor weight against time for this process yielded data such
as that shown in figure 4.

A least squares approximation of the lower

half of the curve gave y-intercept values (reactor weights) which
corresponded to formation of the 1:1 adduct.

Several of these

experimental values are listed in table 2 along with the experimentally
determined amount of titanium in the sample.
From the evacuation profiles (figure 4) one can see that the
rate of loss of solvent p-dioxane is at first quite fast.

However, at

a certain point the loss rate decreases abruptly and the resulting
curves show sharp breaks which imply that a substance has been
encountered which is stable enough to resist further weight loss even
at high vacuum.

For the titanium tetrafluoride adduct the least

squares approximation of the horizontal part of the curves yield
y-intercepts (reactor weights) which indicate that an increase in
reactor weight has taken place.

As previously mentioned these weight
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increases corresponded to the retainment of an amount of p-dioxane
equimolar with the amount of titanium tetrafluoride originally present
in the reactor.
Analysis for Titanium
The white sample remaining in the reactor, as well as any
material transferred to the cold trap, were analyzed for titanium using
the following method:

64

A known weight of product was hydrolyzed using excess 3 N.
ammonium hydroxide.

The white precipitate (Ti(OH) ) was collected in a
4

Gooch crucible and heated over a Fisher burner for 0.5 to 3.0 hours and
the amount of titanium was determined gravimetrically from the weight
of titanium dioxide formed.
The results of the analyses when the reactor was held at room
temperature during the evacuation yielded a product ratio of 1.47:1.00
(Ti:C H o F ) with the percent of titanium found experimentally being
4 8 2 4
30.51.
TiF

The calculated amount of titanium present in the compound

c H o is 22.59%.
4 4 8 2

When the reactor was held at 0° C. during the

transfer process the amount of titanium found upon analysis of the
product corresponded to 23.10%.
Molecular weight measurements by the cryoscopic method were
precluded by the insolubility of the adduct, despite a previous report
of a molecular weight determination in tetrahydrofuran.

46

Attempts to

obtain a melting point for this compound were also unsuccessful since
the white solid turned brown, then black upon heating, liberating a
clear liquid at temperatures high than 125° C.

22

Spectra and Discussion
The infrared spectrum shown in figure 5 is that of the white
solid complex and the infrared spectrum of a nujol mull of titanium
tetrafluoride is shown in figure 6.

Again the region included in these

spectra is only from 1300 to 550 cm.

-1

since the bands occuring outside

this region can be attributed solely to nujol.
The infrared spectrum of the ligand in the complex TiF

c

H

o

4 4 8 2

is again more complex than the spectrum of the free ligand, however,
the spectrum of the titanium complex is not as complicated as that of
the boron adduct.

This simplification is due to the shift of metal-

oxygen and metal-fluorine stretching and bending frequencies to lower
wavenumbers.

The remaining four bands merit discussion.

Two bands appearing at 1250 and 1285 cm.
are shifted to 1263 and 1304 cm.

-1

-1

respectively.

in the free ligand
In addition, shoulders

begin to appear on the low energy side of these complex peaks.
peaks are no longer sharp but are broadened in the complex.

The

A similar

shift upon complexation has been reported by Le Calve and Lascombe

40

for the scissoring and rocking methyl C-H modes of dimethyl selenide
and dimethyl sulfide.
In the 1250-1000 cm.

-1

region three bands appear in the adduct.

A broad medium strong band which shows signs of splitting occurs at
-1

1112 cm.,

-1

a sharp, medium strength band appears at 1078 cm.,

a medium strong band occurs at 1055 cm.

-1

and

The 1055 cm.-l band displays

a shoulder and a weak peak on the low energy side.
There are two differing explanations for the observed spectrum
in this region.

Kern,

34

Rosten,

52

Feenen,

18

and Fowles

20 21
'
state

evidence for complex formation due to the shift to lower wavenumbers of

1obo

12do
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the two C-0 vibrations upon complexation.
and 1055 cm.

-1

Thus, the two peaks at 1112

could be assigned to the presence of uncomplexed and

complexed oxygen respectively.

Crouch

9

has noted the appearance of

absorptions due to "free" and complexed oxygen in the complex woc1 3
2c4H8o2, however, in the case of 1:1 complexes, no free C-0 vibrations
could be detected.

Kepert

33

found that p-dioxane dissolves molybdenum

pentachloride yielding a complex that displays a band at 1120 cm.
five bands between 1092 and 1017 cm.

-1

-1

and

He concluded that both "free"

and complexed oxygen atoms were present.
5 8 41
Other authors ' '
feel that complex splitting of the normal
C-0 peaks is sufficient to allow interpretation of the spectrum as
being due to complexation through oxygen.

. et a 1 41 note d t h e
Lewis

shift of the asymmetrical C-0 stretching vibration to be 30 cm.
complexes of diethyl ether and aluminum trihalides.

-1

in

They also found

two new bands in the C-0 stretching region and attributed these to
having been "unmasked" by the shift of the asymmetrical C-0 band.
the trichlorobis(dioxane)titanium (III) adduct Clark et al
that complicated splitting of the band at 1120 cm.

-1

5

For

suggested

implied bonding to

the oxygen atoms in dioxane.
The symmetrical C-0 stretching mode is a doublet in the free
ligand with peaks at 883 and 874 cm.
-1

medium strength appears at 892 cm.,
peaks at 873, 865, and 849 cm.

-1

-1

In the complex one peak of

while a broad multiplet with

also appears.

The complexity of the

band obviates any definite conclusions although it is apparent that
this is a phenomenon which is caused by complexation of the ligand.
Many of the same authors who have witnessed the complication of the
asymmetrical C-0 stretching mode have also noticed lower energy shifts

26
.
18 34 41 52
of the symmetrical mode. ' ' '
It is not easy in this case to decide whether p-dioxane is
functioning as a bridging ligand or whether it is simply monodentate.
It is doubtful that p-dioxane is acting as a bidentate ligand since
that would necessitate postulating a "boat" conformation for p-dioxane.
Such a conformation (c v symmetry) would yield a rather more complex
2
spectrum than that of the more symmetric chair conformer (c h symmetry)
2
which is present in the free ligand.

Since there is a high degree of

similarity between the adduct spectrum and the spectrum of the free
ligand it seems reasonable to assign a chair conformation for the
complexed p-dioxane molecules.

The decision to be made, assuming that

the complex is hexacoordinate with bridging dioxanes containing no
free oxygen, is whether the complex is cis or trans with respect to
the coordinated dioxanes.

Some possible structures based on the cis

isomer are shown (I, II) in figure 7.
visualized.

The trans analogs may be readily

Other possible structures include a polymeric pentaco-

ordinated analog of (III) with the sixth bond being a bridging fluorine
bond (IV).

In this last structure the bridge bonding need not be

restricted to a single fluorine but can, in fact, arise from all
fluorines and dioxane.

The system is therefore similar to the

hexacoordinate infinite ionic polymer of titanium (IV) fluoride.

45

Doubt about the validity of structure (III) comes from the
absence of any unperturbed C-0 stretches in the infrared owing to
uncomplexed oxygen.

Furthermore, Fowles, Rice and Walton

21

have

obtained spectra of the p-dioxane complexes of various transition
metal halides all of which show distinct splitting of the symmetrical
-1

C-0 stretching mode at 860 cm.,

which was also observed in this
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compound.

A crystal structure of the model compound Hgc1 c H o has
2 4 8 2

revealed the presence of bridging p-dioxane molecules in the chair
conformation and since the compound presently under investigation shows
no melting point up to 230°c. (decomposition occurs) and is insoluble
in any common solvent, a monomeric structure seems highly unlikely.
Structure (IV) seems reasonable until one considers the metalfluorine stretching region.
450 cm.

-1

to 750 cm.

-1 47

The Ti-F stretching region varies from
In solid TiF

as a b roa,
d strong b an d at 570 Cm. -l
shifted to 660 cm.
for various TiF

4

-1

4

the Ti-F frequency appears

I n t h e comp 1 ext h"is mo d e is
.

Similar sets of absorptions are reported

complexes by Clark and Errington.

5

Since the structure

of titanium (IV) fluoride is known to be an infinite polymer of fluorine
.
.
b ri"d ge b on d s to titanium,

46

h
.
·
ten
an a 1 teration
o f t h e structura 1 units

is suggested upon complex formation, resulting in the ninety wavenumber
shift of the band.

Nakamoto

47

has tabulated all the terminal and

bridging metal-halogen stretching frequencies reported so far.

In an

empirical correlation he has shown that the ratio of bridging metalhalogen stretching frequencies to terminal metal-halogen stretching
frequencies, vb(M-X)/vt(M-X), is about 0.85.
the spectrum of TiF

4

If one considers that

should reflect Ti-F stretches associated only with

bridging fluorine bonds, then the ratio of Ti-F stretching frequencies
in the complex and in the free fluoride may be examined.

This ratio,

vb(Ti-F)/vt(Ti-F), is 0.86 for the p-dioxane-titanium tetrafluoride
complex and seems to reduce the preference for structure (IV) since the
indication is that fluorine bridging is absent in the complex.
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What now seems to be the most preferable structure is (II), the
The cis adduct (c v symmetry) should be expected
2
5
to exhibit four Ti-F stretching modes.
A trans adduct (D h symmetry)
4

cis or trans polymer.

would yield only one Ti-F frequency in the I.R., assuming (II) is the
correct structure.

8

Some theoretically calculated stretching modes which could be
exhibited by these molecules are shown in figure 8.

The four modes

associated with the cis isomer are given in representations I through IV
along with their respective symmetry species.

Modes I and II are due

to symmetric stretching of the metal-fluorine bonds and are assigned
symmetry elements A •
1
while the B

2

The B mode (III) is also a symmetric vibration,
1

mode (IV) is anti-symmetric.

For a trans adduct a lesser number of vibrational modes are
expected since it is a molecule with a higher degree of symmetry.
Calculations from a n h character table yield a irreducible
4

representation which predicts only a single vibration which is assigned
the symmetry notation of E.
u
structure Vin figure 8.

This mode of vibration is shown by

Similar vibrational assignments have been

made by Clark and Errington.

5

The broad multiplet already described

seems indicative of the cis structure and support for this conclusion
is drawn from a similar band assignment by Wilkins and Haendler.
Furthermore, based on N.M.R. evidence Muetterties
the cis structure for TiF
one.

4

46

62

has suggested that

complexes is the thermodynamically favored

Additionally it appears that cis structures are also significantly

present in metal tetrachloride complexes with esters of carboxylic
ac1"d s. 50,51
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Synthesis of Tin Tetrafluoride-p-dioxane
The tin tetrafluoride-p-dioxane adduct was prepared in the same
manner as described for the titanium complex.

Tin tetrafluoride,

obtained from Alpha Inorganics, was a white solid and was transferred
directly from the stock containers to a tared reactor in the controlled
atmosphere apparatus.
After the reaction was completed, the excess p-dioxane was
removed by vacuum transfer for periods extending longer than 800 minutes.
Plots of decreasing reactor weight against time were made for the
transfer process of reactors held at 0° C. and the array of points are
similar to those for the titanium complex.

Figure 9 contains several

of the curves and one can see that the initial rate of removal of
p-dioxane is quite rapid.

As in previously discussed plots, however, a

sharp deflection occurs and is followed by a horizontal line which
approaches the x axis asymptotically.

Least squares approximations of

the horizontal lines in the lower portions of the graphs yield
y-intercept values (reactor weights) which indicate that an increase in
reactor weight has taken place.

For the tin tetrafluoride-p-dioxane

adduct this weight increase corresponded to an amount of p-dioxane
equimolar with the amount of the metal fluoride originally present in
the reactor.

Table 3 gives some data obtained from these plots as well

as the results of the chemical analyses for tin which were performed on
the adduct.
Analysis for Tin
Analyses were performed on the samples using a previously
described technique.
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The analyses were carried out at intervals just
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Table 3
Data Obtained from Least Squares Approximations of Lower Lines
in Plots of Reactor Weight Against Time for SnF c H o
4 4 8 2
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Wt. SnF
4
(g.)

Moles
SnF
4

Wt. Prod (g.)
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4 4 8 2
-3

s
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X
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T
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X
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u
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X
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when no liquid was present, 112 minutes, 535 minutes and 860 minutes
after the start of the transfer.

In each case in which the reactor was

held at 0° C. during the transfer, the tin content was determined to be
42.84%, whereas the tin content calculated for SnF

c H o is 43.08%.
4 4 8 2

On

the other hand, for those samples in which the reactor was held at room
temperature during the transfer process the product displayed varying
percentages of tin.

For example, evacuation at room temperature for

860 minutes yielded a white-light yellow solid with a tin content
corresponding to a compound containing 59.92% tin.
Insolubility of the adduct precluded a molecular weight
determination by the cryoscopic method and a melting point could not be
obtained since the white product darkened upon heating, presumably
indicating decomposition.

At temperatures above 180

0

C. the product

produced a clear liquid and turned black.
Spectra and Discussion
Figures 10 and 11 show tracings of the infrared spectra of the
white product and tin tetrafluoride respectively.

Both compounds were

run as nujol mulls with the regions above 1300 cm.-l and below 550 cm.-l
being excluded since no ligand peaks occur in these regions.
The infrared spectrum of the tin complex is, again, strikingly
similar to that of the free ligand.

The two low intensity absorptions

due to skeletal C-H bending modes are shifted from 1250 and 1285 cm.
in the free ligand to 1262 and 1298 cm.

-1

in the complex.

they remain sharp singlets in this complex.

However,

By the method of reasoning

used in the previous section the chair form of p-dioxane seems to be
the conformation present in the ligand.

-1

What remains, then, is to
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determine whether the complex contains bridging p-dioxanes or whether
only one of the available oxygens is complexed.
A broad absorption occurs in the region from 1200 to 1000 cm.
Three strong peaks appear at 1199, 1105, and 1077 cm.

-1

-1

and in view of

assignments made to similar bands in the previous complexes the band
at 1077 cm.

-1

.

5 8 41

is probably the asymmetrical C-0 stretching mode. ' '

The band at 1105 cm.
band at 1199 cm.

-1

-1

has a shoulder at high wavenumbers, while the

is very broad.

.
Th eab sorptions
at 955 an d 721 cm. -l are a b'it puzz 1·ing.

Care-

ful examination of the band at 955 cm.-l allows its tentative assignment
as the shifted 910 cm.
tetrafluoride.

-1

band which is present in the uncomplexed tin

Likewise, the band at 721 cm.

-1

is probably a result

of coupling between an Sn-F stretching band at 710 cm.

-1

in the

uncomplexed metal fluoride and a C-H rocking vibration which is present
at 720 cm.-l in the free ligand.
The symmetrical C-0 stretching doublet (871 and 883 cm.

-1

in the

uncomplexed ligand) appears as a very broad doublet with peaks centered
at 809 and 898 cm.-l in this complex.
Three peaks appear below 650 cm.
frequencies of 621, 555, and 510 cm.

-1

-1

All are broad and have

There seems to be little reason

to doubt that complex formation has taken place since no unmodified
band associated with the two C-0 stretching vibrations appear.

Many

previously cited authors accept this as evidence of complex formation.
. 1 er
Th us Ro1 sten an d S is

52

· et a 1 41 h ave d escri'b e d t h e
an d Lewis

complication of ligand peaks resulting from complex formation.

Various

structures may be visualized for this complex in view of the stoichiometry of the reaction.

Some of the more likely ones are shown in

38

figure 12 and are similar to those proposed for the titanium adduct.
Crouch

9

has taken the simultaneous appearance of absorptions

at 1125 and 1071 cm.-l as evidence for the presence of "free" and
complexed oxygen.

One might be tempted to draw this same conclusion

for the present complex, however, the band at 1105 cm.-l is still of
lower energy than the 1125 cm.

-1

band of p-dioxane.

On this evidence,

in addition to the presence of a modified symmetric mode, it is
believed that a conclusion drawn in favor of the presence of "free"
oxygen in the complex would be a bit tenuous and too vulnerable to
criticism.

The monomer (III) may further be shown as a less likely

structure when one considers that the insolubility and high decomposition temperature shown by this complex is typical of a polymeric
specie.
An examination of the tin-fluorine stretching region (720540 cm.

-1
-1

612 cm.,

) shows the presence of a broad and strong absorption at
while a medium strength band appears at 710 cm.

-1

Both of

the bands just referred to, in addition to a weak band at 910 cm.
constitute the spectrum of the uncomplexed solid fluoride.

Upon

complexation, four bands appear at 720, 620, 555, and 510 cm.
respectively.

The band at 720 cm.

band present at 710 cm.

-1

-1

acid.

-1

is probably the slightly shifted

in the uncomplexed acid and the 620 cm.

band is probably the shifted 570 cm.

-1

-1

-1

absorption of the uncomplexed

If these assignments are correct, the shift implies a decrease

in fluorine bridge bonding, as has been previously discussed for the
titanium complex.
Assuming the given assignments are correct, then one is in a
position to consider some empirical correlations.

Tin tetrafluoride is
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known to be an ionic lattice of octahedrally coordinated tin, and the
bonding is described in terms of fluorine bridging between the tin
atoms.

46

The spectrum of the solid fluoride, then, reflects only the

stretching frequency associated with bridging tin-fluorine-tin bonds.
The ratio of bridge to terminal metal-halogen stretching frequencies
has been found by Nakamoto
peak at 570 cm.

-1

47

to approximate 0.85.

in the pure fluoride to the strong, broad band

assigned as its analog in the complex (620 cm.
Nakamoto

47

The ratio of the

-1

) is 0.89.

Since

has stated that this ratio has held for all complexes

identified thus far, it is perhaps more than fortuitous coincidence
that the ratio appears here also.
Since a decrease in fluorine bonding results in a shift to
higher wavenumbers for the tin-fluorine stretching vibration, it seems
that structures (IV) and (V) are now less desirable than structure (II).
Furthermore, the presence of four bands in the Sn-F stretching region
5 47
5 63
of the complex is exactly the number predicted ,
and observed ,
for cis octahedrally coordinated complexes (C v).
2

It seems, therefore,

that structure (II), formally similar to the titanium complex, is the
most likely structure based on available evidence.
Attempted Synthesis of Aluminum
Trifluoride-p-dioxane
What was at first thought to be the aluminum trifluoride adduct
was prepared by refluxing a weighed amount of aluminum trifluoride with
excess dioxane.

The aluminum trifluoride, obtained from Matheson,

Coleman and Bell,was a white solid.

Transfers to the reaction apparatus

were carried out in an inert atmosphere directly from the stock
container.

Excess p-dioxane was then vacuum transferred to the

41
reaction vessel and the reactants refluxed for 12 hours under a nitrogen
atmosphere.

After refluxing was terminated, the excess p-dioxane was

transferred off leaving a white solid.

The period of this transfer

extended for as long as 800 minutes.
Analysis for Aluminum
Analysis of the white residue for aluminum was carried out in
the following manner.
tared receiver.

A sample of the product was transferred to a

To this was added 3 N. ammonium hydroxide and the

whole solution boiled for 15 minutes.

The precipitate was filtered,

washed with water and ignited for two hours, or until consecutive
weighings showed variances of 0,0003 g. or less.

The results showed a

ratio of aluminum to the rest of the molecule (Al:c H o F ) as 4.0 to
4 8 2 3
1.0 (%Al=26.83).

However, subsequent analysis of the stock reagent

yielded an aluminum content of 27.65%.
Spectra and Discussion
The results of the analyses, in addition to the striking
physical similarities between the reactant aluminum fluoride and the
supposed product, lead to the conclusion that in the case of aluminum
trifluoride no stable adduct is formed.

This conclusion was

substantiated by comparison of the infrared spectra of the supposed
adduct and the aluminum trifluoride.

Figures 13 and 14 show the

infrared spectra of the supposed product and the stock aluminum
trifluoride respectively.
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CORRELATIONS OF OBSERVED
SPECTRA
It seems appropriate, finally, to consider the similarities
between the spectra of the three complexes.

Table 4 shows the

relationships between the observed peaks in all three adducts and the
peaks present in uncomplexed p-dioxane.

If one superimposes the spectra

it becomes evident that there are certain consistant variations in the
spectra of all the complexes.

It is also obvious that absorptions in

the complexes occur in the same general regions of the spectrum in
which the "free" ligand exhibits peaks.

Other absorptions do occur as

shown in the spectra of the boron trifluoride adduct, but these are
nearly always metal-oxygen or metal-fluorine vibrations.

From the

similarities of the perturbations of the "free" ligand peaks which result
upon complex formation one can appreciate the fact that adduct
formation produces some consistant variations in the spectrum of the
ligand.
The rocking and bending C-H modes of the free ligand appear at
1285 and 1250 cm.

-1

Upon complexation these modes are shifted as much

as nineteen wavenumbers toward higher energy.
for all of the complexes.
show signs of splitting.

This shift is evident

For the titanium adduct these bands also
This shift has been reported for

tetrahydrofuran complexes by Lewis et al.
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A similar shift for C-H

bending and C-H rocking modes of the boron trifluoride adducts with
44

45
Table 4
Summary and Comparison of Spectral Bands
of the Three Complexes and p-dioxane

C4H802

(BF3)f4H802

TiF

c Ho
4 4 8 2

SnF

cHo
4 4 8 2

1304
1300
1298
1285
1276
1263
1262
1250

Assignment
C-H
C-H
C-H
C-H
C-H
C-H
C-H
C-H

1199
1125
C-0

1121
1112
1105
1078
1077
1055
1053
955

C-0
C-0
C-0
Sn-F?

901
898
892
883
874
873
865

C-0
C-0
C-0
C-0
C-0
C-0

858
849
809
800
780
721
690
660
621
625
614
610
595
555
550
520
510
496

C-0?
C-0
B-F, B-0
B-F, B-0
Sn-F
B-0
Ti-F
Sn-F
B-0
C-H
Ti-F
Ti-F
Sn-F
Ti-F
B-F
Sn-F
B-F
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dimethyl selenide and dimethyl sulfide has been noted by Le Calve and
Lascombe.

40

Rosten and Sisler

52

also have shown this shift to be

present for the C-H rocking and bending modes in complexes such as

Inspection of the C-0 asymmetrical stretching region (10501120 cm.

-1

) reveals that the spectra of each of the adducts contains

multiple peaks.

All of the adducts have peaks just above 1000 cm.
-1

but lower than 1125 cm.,

-1

where the strong, sharp band attributed to

the asymmetrical C-0 stretch for the free ligand absorbs.

In addition,

the peaks in this area are all very broad, with those of the titanium
and tin complexes exhibiting shoulders.
displays a peak between 50 and 75 cm.

-1

Each of the complexes also
toward lower energy.

These

peaks are probably due to the shift of the asymmetrical C-0 stretching
mode upon complexation as has been reported by Kern,

33

Rosten and

Sisler, 52 and others. 20 , 21 , 63
The symmetrical C-0 stretching vibration in the uncomplexed
ligand is a very sharp doublet with peaks which are separated by less
1
than 10 cm.-l (874 and 883 cm.- ).

The higher energy member of the

doublet is of lesser intensity than the lower energy peak.

In the

spectra of the complexes, the bands are all markedly broadened and the
smaller, higher energy peak is shifted even further to higher wavenumbers, while the lower energy peak is shifted in the opposite
direction, to lower wavenumbers.

Moreover, complex splitting of these

bands occurs in the spectra of the boron and titanium adducts.

This

shifting of the symmetrical stretching mode has been noted by all of
the authors who have reported the shift of the asymmetric stretching
f requency. 20,21,34,52,63

None o f t h ese aut h ors h ave apparent 1y
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noticed the opposed shift direction of the doublet peaks since no
mention of such a phenomenon was made by any of these sources.
The remaining region, down to 500 cm.
metal-halogen stretching region.

-1

is the characteristic

The peaks that appear here are

primarily due to Ti-F, Sn-F, B-F, and B-0 stretching modes.

The spectrum

of the boron adducts shows five peaks in the area and the assignments
regarding these bands have been discussed in the section regarding the
boron trifluoride-p-dioxane adduct.

The spectra of the heavier metal

adducts have also been discussed previously, however, a notable
similarity in the reoccurence of one peak is obvious in all four
spectra.

In the "free" ligand a sharp, medium strength peak appears at

approximately 614 cm.
spectra.

-1

This peak is present in all of the complex

In the tin adduct the band is shielded by a broad metal

absorption of higher intensity, while in the boron complex it appears
as a low energy shoulder on a band centered at 625 cm.-l

The spectrum

of the titanium complex in this region is dominated by a very strong,
wide absorption centered at 660 cm.

-1

and close inspection reveals a

barely discernible shoulder on the lower energy side of this band.

In

all probability this shoulder is due to the appearance of this same
peak in this complex.
Previously it has been stated that the similarity between the
ligand vibrations in the uncomplexed and complexed ligand was an
acceptable basis for postulating retainment of the "chair" conformation
of p-dioxane in the adduct.

Fowles et al

20 21
'
have used this same

criterion in assigning the conformation of p-dioxane in complexes with
metal halides of the first row transition series and with titanium
trichloride.

From table 4 it is evident that most of the peaks
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attributed to p-dioxane have corresponding vibrations which are
apparent in all the complexes although they may be slightly shifted.
It is this similarity, therefore, that seems to indicate that p-dioxane
is present in the "chair" conformation in the complexes.

EXPERIMENTAL
Apparatus
The manipulation of all volatile materials was carried out in
a glass vacuum system (see figure 15).

Movable joints and stopcocks

in the system were lubricated with Fluorolube GR-90 grease (Fisher
Scientific).

Immovable or semipermanent joints were sealed with

Apiezon W wax.
All bulk transfers of the solid fluorides TiF , SnF and AlF
4
3
4
were carried out in a nitrogen filled, single face, controlled atmosphere
assembly fitted with a Kewaunee 2Cl982 gas purification and recirculation
system.

The enclosure system was manufactured by Kewaunee Scientific

Equipment Co.
Infrared spectra were obtained using a Perkin-Elmer Model 521
spectrometer.

Since all of the adducts under investigation were solids,

the infrared spectra were obtained as nujol mulls.

The samples were

prepared in the drybox and the edges of the KBr windows liberally
coated with fluorolube grease to stop contamination due to air exposure.
Throughout the process no color change in the samples was observed.
The least squares approximations of the data accumulated for
the weight-time curves were processed using an I.B.M. 1620 computer
available from the Central Washington Student Computing Center.
49
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Two general methods were used in the preparation of the
various adducts.

In the case of the boron trifluoride-p-dioxane adduct,

the base was vacuum transferred to a glass reactor.

While the reactor

remained at -196° C. measured amounts of the gaseous boron trifluoride
were added to the reactor.

A detailed description of the synthesis is

given in the section describing the boron trifluoride-p-dioxane adduct.
In the cases where the acid was a solid, such as in the tin,
titanium, and aluminum fluorides, excess dioxane was transferred to
reactors containing known amounts of the solid.

All transfers

involving the solid metal fluorides were carried out in the previously
described controlled atmosphere assembly.

More complete descriptions

of the syntheses are given in the sections dealing with the respective
adducts.
The p-dioxane (Matheson) used in all syntheses was a clear
liquid (m.p. 11.8°, b.p. 101°
manner.

760

) which was purified in the following

The liquid was refluxed for 5-6 hours with sodium metal then

decanted into a flask attached to a simple distillation apparatus.
The p-dioxane was then distilled with the middle fraction being
selected for use.

Finally, lithium aluminum hydride was added to

remove any remaining moisture.
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